Antiviral responses must rapidly defend against infection while minimizing inflammatory damage, but the mechanisms that regulate the magnitude of response within an infected cell are not well understood. miRNAs are small non-coding RNAs that suppress protein levels by binding target sequences on their cognate mRNA. Here, we identify miR-144 as a negative regulator of the host antiviral response. Ectopic expression of miR-144 resulted in increased replication of three RNA viruses in primary mouse lung epithelial cells: influenza virus, EMCV, and VSV. We identified the transcriptional network regulated by miR-144 and demonstrate that miR-144 post-transcriptionally suppresses TRAF6 levels. In vivo ablation of miR-144 reduced influenza virus replication in the lung and disease severity. These data suggest that miR-144 reduces the antiviral response by attenuating the TRAF6-IRF7 pathway to alter the cellular antiviral transcriptional landscape.
Introduction
Viruses co-opt host cellular processes in order to replicate, and pathogenicity often correlates with growth rate. The best-characterized antiviral program is regulated by type I interferons, which restricts multiple aspects of the viral life cycle (reviewed in [1] [2] [3] ). An antiviral response program expressed at a level appropriate to the pathogenicity of the virus can effectively control infection. In contrast, an inadequate response will fail to restrain viral replication while an exaggerated inflammatory response can itself cause damage to the host. Ensuring rapid yet measured antiviral responses at mucosal surfaces, which require a threshold that permits containment of pathogenic insults yet tolerates benign foreign stimuli, is particularly important. In the case of influenza infection, progeny virions can be produced within 6 hours, necessitating a rapid response to quell the infection without triggering excessive inflammation that would compromise airway function.
MicroRNAs (miRNAs) are post-transcriptional regulators that are excellent candidates for finely tuning immune responses. These small (20-25 nucleotide) non-coding RNAs bind to target mRNAs by base-pairing to effect mRNA degradation or translational repression [4] . While the effect of miRNAs on individual target mRNA levels can often be modest, miRNAs are predicted to affect multiple targets in a biological pathway. This functional coherence in target genes can result in larger effects of a miRNA on biological processes than suggested by studies of individual miRNA-target interactions [5] . miRNA cooperativity in regulating levels of multiple targets in a pathway can also extend to cooperative interactions between multiple miRNAs in binding the same target, which can result in additive effects on biological processes [5, 6] . The ability of miRNAs to shape host-virus interactions is a recently emerging concept (reviewed in [7] , [8, 9] ). For example, miR-122 directly interacts with the hepatitis C (HCV) viral genome to stimulate translation and accelerate growth [10, 11] . miRNAs that can target host mRNAs to modulate antiviral responses following influenza infection have recently been identified [9] . However, the mechanisms by which host miRNAs shape antiviral resistance by controlling innate immune signaling pathways are poorly understood. Here, we demonstrate that miR-144 attenuates a module of antiviral interferon-induced genes controlled by TRAF6 and IRF7.
Materials and methods

Mice
C57BL/6 mice (Jackson Laboratories), IRF7 null mice (C57BL/6 background, provided by T.
Taniguchi, University of Tokyo, Tokyo, Japan), and miR-144/miR-451 null mice were housed in a specific pathogen-free barrier facility. miR-144/miR-451 null mice [12] were backcrossed 5 times onto the C57BL/6 background (verified to be >95% C57BL/6), and wild type littermates used for infection experiments.
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made to minimize suffering and mice were euthanized by CO 2 inhalation. All animal work was reviewed and approved by the Institutional Animal Care and Use Committee at the Center for Infectious Disease Research (protocol #AA-10) following guidelines established by the Institute of Laboratory Animal Resources and approved by the Governing Board of the U.S. National Research Council.
Flow cytometry of uninfected lungs
Perfused lungs from C57BL/6 mice were digested using a dispase-agarose protocol [13] and cells isolated using CD45 + microbeads and autoMACS separation or sorting using a FAC- miRNA profiling miRNA profiling was performed on lungs infected with PR8 influenza virus for 72 h using 384-well microfluidic miRNA arrays (ThermoFisher) and miRNA expression measured relative to sno202 or U6. RNA was isolated using Trizol (Invitrogen) and cDNA synthesized from DNase-treated RNA using random primers or miR-specific primers and analyzed by qRT-PCR using gene-or miRNA-specific Applied Biossytems TaqMan primers and probes (ThermoFisher). Expression was normalized to EF-1 for mRNA and sno202 or U6 for miRNA.
Viruses
Influenza A/Puerto Rico/8/34 was provided by P. Thomas (St. Jude's, Memphis, TN), and VSV and EMCV obtained from ATCC.
In vivo infection and quantification of viral load
Wild-type mice were anesthetized using ketamine/xylazine and challenged with 10 5 PFU of PR8 influenza virus (for 12 h and 24 h time points) or 700 PFU (for 3-12 day time points) in 30 μL intranasally, divided between 2 nostrils. Weight-loss was measured daily as a correlate of morbidity. Lungs were lavaged using 1 mL of Hank's buffered saline, the left lung lobe reserved for histopathological analysis, and the right lung lobes mechanically homogenized in 1 mLTrizol and RNA isolated for quantification of viral M gene by qRT-PCR as described for in vitro infections. 100 uL of cell-free lavage fluid was mixed with 1 mL Trizol for quantification of viral M gene. IRF7 null mice were challenged with 10 5 PFU PR8 influenza virus for 24 h prior to lung lavage for viral load determination and lung RNA isolation for gene expression analysis as for WT animals.
Flow cytometry on infected mice
Formalin-fixed cells were permeabilized using 0.2% saponin, stained with anti-influenza NP (ViroStat or Argene) antisera followed by fluorescently conjugated secondary antibodies, and fluorescence measured using a FACSCalibur. Infected lungs were enzymatically dissociated using Liberase Blendzyme III (Roche) and analyzed using a FACSCalibur. All cell lineage-specific antibodies used in S3 Fig were from BD except for PDCA-1 (Miltenyi).
Histology
Five-micrometer sections from neutral buffered formalin-fixed left lung lobes were stained with hematoxylin and eosin and examined by a board-certified veterinary pathologist who was blinded to genotype and infection time point. Lung architecture was assessed to be normal in uninfected miR-144/miR-451 null mice. Histopathological severity was assessed on a four-point scale and the extent of the section affected in the most severe manner was scored on a 4 point scale. Histology scores were calculated by multiplying each severity metric by the extent of section affected in the most severe manner, with a maximum severity score of 16 for each histopathological feature. Pneumonia = interstitial pneumonia/alveolitis x extent of the most severe changes; Bronchial necrosis = necrotizing bronchiolitis x extent of the most severe changes; Acute inflammation = necrosuppurative bronchiolitis + perivascular neutrophils; Chronic inflammation = bronchial hyperplasia + alveolar hyperplasia + perivascular mononuclear cells + lymphoid aggregates.
Cell lines
TC-1 C57BL/6 mouse lung epithelial cells, 293T, and Vero cells (ATCC) were used where indicated. LET1 cells were generated by murine stem cell virus (MSCV)-SV40 large T antigen transduction of primary mouse lung epithelial type I cells trans-differentiated from type II epithelial cells and used after a minimal number of passages (BEI Resources) [14] .
In vitro viral Infections and quantification of viral load or MCMV (MOI = 10) in complete DMEM for 1 h, cells washed thoroughly to remove inoculum, and incubated for 24 h. EMCV and VSV plaque assays were performed similarly using Vero cells and a methyl cellulose overlay. To adjust for differences in rate of viral replication and cytotoxicity between these 4 viruses, different inoculums were selected to support multiple rounds of infection and replication over 24 h while allowing reproducible quantification of initial infection of the cell monolayer at 1 h.
Flow cytometry on infected cells
Formalin-fixed cells were permeabilized using 0.2% saponin, stained with anti-influenza NP (ViroStat or Argene) antisera followed by fluorescently conjugated secondary antibodies, and fluorescence measured using a FACSCalibur.
Western blotting
Western blots were performed on cell lysates by serially incubating membranes with TRAF6 (sc7221, Santa Cruz) or β-actin-HRP (ab20271, Abcam) antibodies, anti-rabbit-HRP secondary antibody, followed by enhanced chemiluminescent detection and exposure to film for various times. Films from non-saturated exposures were quantified by densitometry using Photoshop (Adobe), background subtracted (using pixels contained in an adjacent area of identical size), and TRAF6 pixels/area divided by β-actin pixels/area to give normalized quantification of TRAF6 protein.
miRNA expression constructs
Constructs expressing both murine mmu-miR-144-3p and mmu-miR-451a were cloned with 145 bp upstream of pre-miR-144 and 330 bp downstream from the end of pre-miR-451. miR-451 alone was expressed with flanking sequences 100 bp upstream and 198 bp downstream. miR-144 was cloned with 145 bp upstream of pre-miR-144 and 198 bp downstream of the end of pre-miR-451; the activity of miR-451 included in this construct was ablated using sitedirected mutagenesis of 7 bp of the mature miR-451. These sequences were cloned into retroviral MSCV-GFP or lentiviral pLenti6 (±GFP) vectors. Packaged virus was transduced into the indicated cells, and stably selected using 4 μg/mL puromycin (TC-1 cells) or 2 μg/mL puromycin (LET1 cells). Influenza virus replication phenotypes were confirmed in cells generated by at least 3 independent transductions. LET1 cells were transduced with TRAF6 shRNA lentivirus (sc-36718V, Santa Cruz) or control scrambled shRNA lentivirus (sc-108080V, Santa Cruz) and stably selected using puromycin.
Luciferase constructs and assays
Luciferase constructs were generated by cloning murine Irf7 (complete coding sequence +3'-UTR; NM_016850, 1-1830 nt), Trim30 3'-UTR, or Traf6 3'-UTR (BC060705, 1966-5368 nt; Open Biosystems) 3' of firefly luciferase. Wild type and mutant miR-144 target sequences in the Traf6 3'-UTR were generated by annealing complementary 45-mer oligos containing the sequences shown in the figure flanked by restriction sites, and cloning directly into the luciferase vector. 293T cells were transfected with pLenti6-miRNA constructs or empty vector along with the UTR-luciferase vector, which gave equivalent results to TC-1 transfections. Cell lysates were collected after 2 d and luciferase luminescence was normalized against a Renilla luciferase control present on the same plasmid (Stop and Glo, Promega).
Computational analysis
Total RNA was isolated using Trizol from TC-1 cells expressing either MSCV empty vector or MSCV-miR-144+451 and infected with PR8 influenza virus for 24 h. Labeled RNA was hybridized to Affymetrix GeneChip Mouse Exon ST 1.0 arrays, probe-set intensities RMA normalized, and differential expression analysis performed using the Bioconductor package limma. Total RNA from LET1 cells was hybridized to Agilent SurePrint G3 Mouse GE 8x60K microarrays. Microarray analysis was performed on 3-5 samples from independent experiments, as indicated in figure legends. Annotated genes with fold changes >2 between conditions were retained for further analysis. Promoter sequences (1 kB upstream of the TSS) were scanned for transcription factor binding-site motifs (TRANSFAC 7.0) using FIMO (MEME suite) with a p-value cut-off of 0.0001. GOMiner was used for GO enrichment determination. miRWalk was used to predict potential miR-144 targets using multiple algorithms (TargetScan, RNA22, PITA, PICTAR4, PICTAR5, RNAHybrid, miRWalk, miRDB, miRanda, and DIANAmT). miRWalk, TargetScan, and RNA22 predicted the miR-144 target sequences in Traf6. The InnateDB curated protein interaction database was used and network visualization was performed using InnateDB and Cytoscape (www.cytoscape.org). Expression data is available at GEO (Accession # GSE31957 (TC-1) and GSE50742 (LET1)).
Statistical analysis
P-values were determined using an unpaired two-tailed Student's t-test, assuming equal variances.
Results
miR-144 impacts viral replication in vivo and in lung epithelial cells infected in vitro
We used the well-characterized murine influenza A virus infection model to investigate how microRNAs may regulate lung epithelial cell responses to respiratory infection and began by globally profiling expression of miRNAs in the influenza virus-infected lung (S1 Table) . miR-451 was the most abundant miRNA with an available knockout mouse, which enabled us to functionally test the contribution of this miRNA to host response to influenza virus infection. miR-451 is adjacent to miR-144 on mouse chromosome 11 and both miRNAs are co-expressed in erythroid cells as one transcript that is processed into two mature miRNAs. miR-144 and miR-451 bind to unique sequences in target genes to play non-redundant roles in erythroid lineage differentiation [12, 15, 16] but are not well-characterized in the lung. We used FACS analysis to determine which specific lung cell populations express each of these miRNAs ( Fig 1A) . miR-144 (mmu-miR-144-3p) expression was much higher in type I lung epithelial cells than in CD45 + hematopoietic cells, whereas miR-451 (mmu-miR-451a) was expressed in both hematopoietic and epithelial cells ( Fig 1A) . Since these miRNAs have been best characterized in cells of the erythroid lineage, we specifically excluded red blood cells from the sorted epithelial cell populations and measured no hemoglobin Hbb2 expression above the detection limit, excluding the possibility that the miR-144 measured in Ter119 -T1α + type I epithelial cells was due contamination by erythroid (Ter119 + ) cells (S2 Table) . We evaluated the effect of miR-144 and miR-451 on viral replication since they are expressed within the natural host cells for influenza [17] [18] [19] . miR-144/451-deficient mice exhibit mild anemia due to dysregulated erythroid development and a 2-fold splenic enlargement due to erythroid hyperplasia, but possess an otherwise normal hematopoietic compartment [12, 15, 16] ) and normal lung architecture. miR-144/451-deficient mice had decreased viral load in the lung and in bronchoalveolar lavage (BAL) fluid over the first 3 days of infection (Fig 1B) , exhibited a delayed onset of weight loss, an established correlate of morbidity and viral load, and recovered their starting weights sooner than wild-type littermates (Fig 1C) . Flu-induced lesions were similar in character but decreased in severity and extent in miR-144/ 451-deficient mice. miR-144/451-deficient mice showed reduced interstitial pneumonia and bronchial epithelial necrosis at day 3, which are characteristics of acute inflammation, and a trend of increased bronchiolar and alveolar epithelial hyperplasia at day 7, which are characteristics of chronic inflammation (S1 and S2 Figs). Alveolar-capillary barrier integrity following infection was equivalent between mice, as indicated by equivalent BAL protein content at early and late time points (S2 Fig). miR-144/451-deficient mice showed increased cellularity in the BAL within the first day of infection and reduced numbers of recruited inflammatory cells at days 3 and 12 (S2 and S3 Figs).
These data suggest that miR-144/miR-451 affects influenza virus replication in epithelial cells, as the largest difference in viral load was observed within the first 12 hours of infection, prior to substantial inflammatory cell recruitment. We have previously observed that lung type I alveolar epithelial cells are rapidly infected in this experimental intranasal infection model, with faster kinetics than the descending infection that occurs during natural infection [20] . We observed a significantly lower viral load in type I epithelial cells isolated from miR-144/ 451-deficient mice relative to wild-type cells following in vitro influenza virus infection (Fig  2A) . Obtaining a mechanistic understanding of this in vivo phenotype required relevant in vitro models for studying influenza virus infection that would permit experimental modulation of miRNA expression. Influenza virus can infect and replicate in multiple types of respiratory epithelial cells; we focused on type I epithelial cells as these are infected by clinically-relevant H1N1 and H3N2 viruses [17, 18, 21] and offered more tractable models than were available for type II epithelial cells, another replicative niche for influenza virus. The expression of miR-144 and miR-451 in three tractable cell culture models is significantly lower than in freshly isolated lung epithelial cells (S4 Fig) . Therefore, to develop a model that matches the expression of miR-144/miR-451 in vivo, we generated lines of TC-1 and LET1 [14] cells stably over-expressing miR-144, miR-451, miR-155 (as a negative control), or vector alone (S4 Fig). Ectopic expression of miR-144 significantly increased levels of viral genomes and protein (Fig 2B-2E ). This increased permissiveness for viral replication was not a generalized response to miRNA expression, since expression of miR-451 or miR-155 did not affect viral replication (Fig 2B and 2C). miR-144 expression significantly increased infectious virion production in cells infected with the negative-sense single-stranded RNA viruses influenza and vesicular stomatitis virus (VSV) and the positive-sense ssRNA encephalomyocarditis virus (EMCV), indicating that the effect of miR-144 is not restricted to influenza virus infection (Fig 2E) .
miR-144 negatively regulates an IRF7-dependent transcriptional network
To elucidate the mechanism whereby miR-144 increases influenza virus replication within lung epithelial cells, we compared the transcriptional profiles of influenza-infected wild-type and miR-144 over-expressing cells. Expression of miR-144 significantly decreased the expression of 48 genes and increased the expression of 9 genes by >2 fold in TC-1 cells (Fig 3A) and similarly impacted the transcriptional profile of LET1 cells (S5 Fig). A dominant feature of the array data was the suppressed expression of genes associated with antiviral and immune interferon responses in cells over-expressing miR-144 (enriched gene ontology (GO) functional categories: defense response to virus and immune response (p<0.05)). A heat map with genes grouped by functional annotations shows two dominant functional modules: antiviral and immune (Fig 3A) . We validated the differential expression of several characterized and putative antiviral effectors (Rsad2, Ifi203, Mpa2l, Oas2, and Trim30) and the transcription factor Irf7 by qRT-PCR. In contrast, miR-144 expression did not decrease levels of Irf3, Irf1, or Irak1, showing specificity in the transcriptional regulation of a unique subset of antiviral genes ( Fig  3B and GSE50742 and GSE31957) . The suppressive effect of miR-144 on the expression of this group of antiviral genes was confirmed in LET1 lung epithelial cells ectopically expressing miR-144 (S5A and S5B Fig) and we measured increased expression of this gene module in miR-144 null primary type I epithelial cells (Fig 3C) .
We hypothesized a central role for IRF7 in the regulation of the miR-144-regulated transcriptional network because it was the only transcription factor that was differentially expressed and computational predictions identified IRF7 binding motifs within the cis-regulatory elements of the majority of miR-144-regulated genes (Fig 3A) . It has been demonstrated previously that IRF7 plays a dominant role in regulating type I and type III IFN-dependent antiviral responses to influenza virus at epithelial surfaces [22] [23] [24] [25] . Human IRF7 deficiency results in lower interferon production and impaired control of influenza virus replication [26] and IRF7-null mice are more susceptible to viral infections [22, 27] , with increased morbidity and mortality following infection with influenza virus [27] . We observed a 10-fold increase in lung viral load in IRF7-null mice relative to wild type mice after 24 hours (Fig 4A) , supporting a role for IRF7-regulated transcriptional programs in the early control of influenza virus infection and concordant with the increased susceptibility of these mice to other viral infections [22, 28, 29] .
To identify which of the miR-144-regulated genes are controlled both directly and indirectly by IRF7, we compared gene expression in the lungs of influenza virus-infected IRF7-null and wild type mice. As expected, we observed that the absence of IRF7 significantly reduced the expression of type I and III interferons (Ifnα2, Ifnα4, Ifnα14, Ifnλ3, Ifnβ1), as well as miR-144-regulated genes in Fig 3 with predicted antiviral functions (Oas2, Ifi203, Mpa2l, Trim30, Rsad2) (Fig 4B) . These data suggest that IRF7 is necessary for normal expression of the network of genes that is regulated by miR-144.
miR-144 directly regulates TRAF6 expression
We tested whether Irf7 mRNA is a direct target of miR-144 in a luciferase assay, despite its lack of a computationally predicted miR-144 target sequence. Ectopic expression of miR-144 did not alter expression of a full-length Irf7-luciferase construct; thus decreased Irf7 mRNA levels in miR-144-expressing cells do not result from a direct interaction between Irf7 and miR-144 (Fig 4C) . To establish a potential mechanism for miR-144 inhibiting Irf7 expression, we used Cytoscape to examine the InnateDB protein-protein interaction database [30] for proteins known to interact directly with IRF7 or with its nearest network neighbors. Computational analysis to identify miR-144 binding sites in the coding and non-coding sequences of the genes that belonged to this expanded network suggested only three candidates where we could hypothesize plausible mechanisms connecting them to our observed viral infection phenotype: Tpl2/Map3k8, Trim30, and Traf6, which each have at least one predicted canonical target sequences in their 3'-UTRs.
TPL2/MAP3K8 is a MAP kinase that can regulate NF-κB and ERK signaling and IFN production [31] [32] [33] . We excluded this as a mechanism underlying the observed miR-144 miR-144 attenuates the host response to influenza phenotype since ectopic expression miR-144 did not alter Tpl2/Map3K8 expression and chemical inhibition of the kinase did not recapitulate the effect of miR-144 overexpression on viral load (S6A and S6B Fig and GSE50742 ). TRIM30 is an interferon-induced member of the TRIM family of proteins that can negatively regulate TLR and NLR signaling pathways [34, 35] . Data did not support Trim30 being a direct target of miR-144 since expression of the 3'-UTR of Trim30, which contains the predicted miR-144-target sequence, in a luciferase construct was not modulated by miR-144 expression (Fig 4C) . TRAF6 is an E3 ubiquitin ligase that is critical for type I interferon responses to viral infection [36] . TRAF6 physically associates with IRF7 [37, 38] and activates its transcriptional activity by mediating K63-linked ubiquitination which permits its subsequent phosphorylation by various kinases [37, 39] . This crucial interaction between TRAF6 and IRF7 is supported by the observation that when IRF7 is mutated so that it cannot be ubiquitinated by TRAF6, it fails to mediate transcriptional responses [40] . We fused the complete 3'-UTR of Traf6 to firefly luciferase (Fig 4D) and measured a significant decrease in luminescence only in the presence of miR-144 (Fig 4E) , to an extent in concordance with published studies for other miRNA-dependent effects [41, 42] . This indicates that miR-144 can post-transcriptionally regulate Traf6 expression. Traf6 is predicted to contain two miR-144 target sequences in its 3'-UTR. We generated luciferase constructs containing individual intact or mutated miR-144 target sites (Fig 4D) . Mutation of 7 nucleotides in the predicted miR-144 target sequence in site 2 completely abrogated the suppressive effect of miR-144 on expression of the reporter construct, while mutating the same nucleotides in site 1 had no effect (Fig 4E) . We observed a significantly reduced level of Traf6 mRNA and protein in cells expressing miR-144 ( Figs 4F and 4G, S5C and S5D ) and higher TRAF6 mRNA in miR-144-deficient cells (Fig 3C) . TRAF6 has also been shown to be regulated by miR-146a [43, 44] ; however, miR-144 expression did not alter miR-146a expression in cells (S6C Fig), and therefore we have no data to suggest that miR-144 regulates TRAF6 via miR-146a. Together, while miR-144 may interact with other target mRNAs to contribute to this antiviral phenotype, these luciferase data and quantification of TRAF6 mRNA and protein abundance indicate that miR-144 can negatively regulate TRAF6 levels.
Decreased TRAF6 levels are sufficient to impair host control of influenza virus replication
As TRAF6-dependent K63-ubiquitination of IRF7 is necessary for its transcriptional activity [40] , our data support a model whereby miR-144 modulates the expression of a network of IRF7-regulated genes by targeting the 3'-UTR of Traf6 mRNA. We hypothesized that cells expressing shRNAs specific for Traf6 should have a similarly impaired antiviral capacity as cells expressing miR-144 if reduced steady state TRAF6 levels are mechanistically linked to impaired IRF7-dependent transcription. To test this hypothesis, we generated immortalized lung type I epithelial cells with TRAF6 protein levels reduced by miR-144 or specific shRNAs, along with control cells expressing miR-451 or a non-functional shRNA (Fig 5A) . Reduced TRAF6 levels were associated with reduced IRF7 protein and mRNA levels (Fig 5A and 5B) , which is expected as IRF7 positively feedbacks on its own transcription to amplify the IRF7-dependent transcriptional program [22] . These decreased levels of IRF7 have functional consequences for the IRF7 network. For example, expression of Ifi203, Rsad2, Trim30, Oas2, and Mpa2l is impaired when TRAF6 levels are suppressed by specific shRNA (Fig 5B) or miR-144 ( Figs 3B and S5B) . The role of TRAF6 as the proximal component in the TRAF6-IRF7-IFN antiviral network is further supported by the observation that decreased TRAF6 levels brought about by two independent approaches (overexpressed miR-144 or anti-TRAF6 shRNA) are associated with significantly increased viral replication (Fig 2 and Fig 5C and 5D, respectively) . We observe concordant decreased expression of a module of antiviral genes in cells overexpressing miR-144, TRAF6 shRNAs, and IRF7-deficient cells (Fig 5E, blue) , and reciprocal expression in miR-144-deficient cells (Fig 5E red) . These data support the network model depicted in Fig 5F , where miR-144 suppresses expression of the TRAF6-IRF7-IFN-regulated gene expression network to diminish the antiviral capacity of influenza virus-infected cells.
Discussion
We have demonstrated microRNA attenuation of the host antiviral response using a miRNA knockout mouse and in vitro models. Reciprocal data obtained from gain-and loss-of-function studies shows that miR-144 modulates an antiviral transcriptional network within lung epithelial cells. The predominant effect of miR-144 deficiency was to decrease viral load rather than modulate inflammatory responses within the virus-infected lung, and better control of very early viral replication within epithelial cells significantly decreased morbidity. We employed primary lung epithelial cells and cell lines since they are a relevant replicative niche for miR-144 attenuates the host response to influenza Western blotting of TRAF6, IRF7, and β-actin was performed using protein lysates from the indicated LET1 miR-144 attenuates the host response to influenza influenza virus, and ectopically expressed miR-144 at physiological levels as a strategy to identify biologically relevant targets of miR-144. miR-144 also increased virion production following infection with VSV, a negative-sense single-stranded RNA viruses, and EMCV, a positivesense ssRNA encephalomyocarditis virus, indicating that the effect of miR-144 is not restricted to influenza virus.
Recent studies have identified miRNAs with proviral effects in influenza virus-infected cells, resulting in increased viral replication [45, 46] , while other miRNAs impair viral replication [47] . mRNAs targeted by miRNAs in influenza-infected cells encode a range of proteins relevant to the immune response to infection, including viral sensors [46] , cytokines [48, 49] , and interferon [50] . Global proteomics studies have shown that miRNAs modestly decrease protein levels of many targets. Therefore, while decreasing TRAF6 levels by a similar extent through expression of miR-144 or TRAF6 shRNAs was sufficient to impair the antiviral capacity of epithelial cells, it is probable that miR-144 also regulates other target genes to mediate this cellular phenotype. One caveat of our study is that it utilized transcriptional profiling of miR-144 overexpressing cells to identify potential miR-144 target genes, which will not identify miRNA-mRNA interactions that impact protein translation. It is also relevant to consider potential interplay between miRNAs regulating the same pathway: miR-146a also targets TRAF6 and is induced following infection [43, 44, 51] and therefore could play a more prominent role in negatively regulating TRAF6-dependent antiviral responses at later stages of infection. Negative regulation of multiple genes in a signaling pathway or of a single gene by multiple miRNAs could explain how modest effects on individual targets can result in robust phenotypes.
The relevance of miRNAs in regulating viral replication has been questioned by data from Dicer-deficient 293T cells that lack nearly all miRNAs, which showed normal replication by a large number of clinically-relevant viruses, including influenza A virus [52] . Aguado et al. employed a rapid vector-mediated miRNA ablation system and showed that cellular miRNAs predominantly regulate cytokine rather than antiviral effector genes in 293T and human foreskin fibroblast cells during acute viral infection [53] . In contrast, we observe a significant impact of the loss of the miR-144/451 locus on lung viral load rather than cytokines (Fig 1) . We measure expression levels of miR-144 that is four orders of magnitude higher in primary normal human bronchial epithelial cells, the host cell targeted by influenza A virus, compared with the 293T kidney cell line ( S4 Fig) . Therefore, the impact we observe of miR-144 on influenza virus replication in lung epithelial cells could not be modeled by the in vitro system employed in those two studies. We interpret these data as additional support for the emerging appreciation of the contextual nature of miRNA-target interactions. Mice deficient in miR-144 showed improved control of influenza virus replication, leading us to speculate that constitutive expression of this negative regulatory mechanism must not be deleterious and could be advantageous in some contexts. Appropriate regulation of epithelial responses during viral infection is critical to sufficiently activate effector functions that limit viral replication while minimizing tissue damage [54] . Seo et al demonstrated that miRNAs negatively regulate many interferon-stimulated genes in uninfected cells, particularly those associated with cell death and proliferation, in order to maintain homeostasis [55] . Low basal IFN-α expression has been suggested to set an activation threshold by priming cells to respond more rapidly and robustly to viral infection, in part by regulating IRF7 levels [23] . Negative regulation of TRAF6 levels by miR-144 provides an additional layer of post-transcriptional control of IRF7. miRNAs can exert cell type-specific roles based on restriction of miRNA expression to specific cell types or differing relative abundance of mRNA target sequences. Plasmacytoid dendritic cells are specialized rapid and robust producers of type I interferons. miR-144 is not detected in plasmacytoid dendritic cells [48, 56] suggesting that our observations of the effect of miR-144 in lung epithelial cells do not extend to regulation of basal IRF7-dependent antiviral gene expression in plasmacytoid dendritic cells. Cell lineage-specific expression of negative regulators in mucosal tissues, such as the lung, provides a potential mechanism for setting a higher threshold of immune activation than that required at sterile sites. Constitutive expression of a different microRNA was shown to contribute to the establishment of mucosal tolerance within the neonatal intestine [57] , lending support to a model where basal miRNA expression at mucosal surfaces counterbalances immune transcriptional activation from environmental insults with post-transcriptional repression. 
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